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Abstract

Exposure of target cells to a bolus of H202 induced cell lysis
after a latent period of several hours, which was prevented only
when the H202 was removed within the first 30 min of injury by
addition of catalase. This indicated that early metabolic events
take place that are important in the fate of the cell exposed to
oxidants.

In this study, we described two early and independent events
of H202-induced injury in P388D1 macrophagelike tumor cells:
activation of the glutathione cycle and depletion of cellular NAD.
Glutathione cycle and hexose monophosphate shunt (HMPS)
were activated within seconds after the addition of H202. High
HMPS activity maintained glutathione that was largely reduced.
However, when HMPS activity was inhibited-by glucose de-
pletion or by incubation at 40C-glutathione remained in the
oxidized state.

Total pyridine nucleotide levels were diminished when cells
were exposed to H202, and the breakdown product, nicotinamide,
was recovered in the extracellular medium. Intracellular NAD
levels fell by 80% within 20 min of exposure of cells to H202.
The loss of NADP(H) and stimulation of the HMPS could be
prevented when the glutathione cycle was inhibited by either
blocking glutathione synthesis with buthionine sulfoximine
(BSO) or by inhibiting glutathione reductase with (1,3-bis) 2
chlorethyl-l-nitrosourea. The loss of NAD developed indepen-
dently of glutathione cycle and HMPS activity, as it also occurred
in BSO-treated cells.

Introduction

In the process of inflammation, stimulated leukocytes produce
proteases and oxidants that are associated with injury of cells
and supporting structures of the surrounding tissue. Stimulated
neutrophils, as well as enzymatically generated O2 or H202,
have been shown to cause cell death in various target cells after
a latent period (1-3). Cell lysis has been largely inhibited by
catalase and, in some instances, superoxide dismutase, when
these enzymes were added early in the time course of oxidant
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formation (1-3). Depletion of cellular reduced glutathione
(GSH), an important defense system against oxidants, caused
more rapid lysis of target cells (4-6). In this respect, it is of
interest that oxidant stress in itself can induce a loss of intra-
cellular glutathione. In isolated perfused liver and in lung, ad-
dition of hydroperoxides or stimulated neutrophils led to a de-
crease ofintracellular glutathione and NADPH, and an increase
of oxidized glutathione (GSSG) in the perfusate (7, 8). The fate
of glutathione after exposure to oxidants has also been followed
in erythrocytes (9) and hepatocytes (10-12), where oxidation of
intracellular glutathione by organic peroxides or oxidant-pro-
ducing drugs is paralleled by the formation ofglutathione-protein
mixed disulfides (1 1).

While the oxidation of GSH has been linked to stimulation
of the hexose monophosphate shunt (HMPS,' or pentose phos-
phate pathway) (13-15), a temporal relationship between ex-
posure of cells to oxidant, changes in the ratio of GSH/GSSG
and NADPH/NADP+, and activation of the HMPS in a single
cell type is unclear. The temporal relationship of these changes
to cell death also has not been clearly defined.

In our studies ofthe effects of oxidants on cells, we therefore
undertook an analysis of these temporal relationships. We also
examined whether NADP+ formation was essential in the stim-
ulation of the HMPS and if activity of the HMPS was required
in the maintenance ofintracellular levels ofGSH duringexposure
of cells to oxidants. A surprising observation that resulted from
the study was a fall in levels of NAD that developed indepen-
dently of GSH-cycle activity.

Methods

Cell culture. P388D1 (a macrophagelike tumor cell line that does not
produce O2; obtained from Dr. R. Schreiber, Scripps Clinic and Research
Foundation) cells were cultured in RPMI 1640 (Irvine Scientific, Santa
Ana, CA), supplemented with 10% fetal calf serum (Flow Laboratories,
Inglewood, CA), 2 mM L-glutamine, and 50 ug/ml gentamycin sulfate
(M.A. Bioproducts, Walkersville, MD). Just before the experiment they
were removed with a rubber policeman, centrifuged at 400 g for 5 min,
and resuspended in RPMI 1640 or modified Gey's buffer (MGB), which
contained 147 mM NaCI, 5 mM KCI, 1.9 mM KH2PO4, 1.1 mM
Na2HPO4.7 H20, 5.5 mM glucose, 1.5 mM CaCI2, 0.3mM MgS04 7
H20, and 1 mM MgCI2 *6 H20, pH 7.4.

For cell lysis studies, P388D1 cells were labeled with 51Cr (5'CrO4;
New England Nuclear, Boston, MA) as described in reference 1.
[35Sjcysteine (3 .tCi/l0' cells) (New England Nuclear) labeling was per-
formed for 2 h at 37°C in 10% medium 199 in MGB. Cells were washed

1. Abbreviations used in this paper: BCNU, (1,3-bis) 2 chlorethyl-l-ni-
trosourea; BSO, buthionine sulfoximine; DTT, dithiothreitol; DTNB,
5,5'-dithiobis (2-nitrobenzoic acid); HMPS, hexose monophosphate
shunt; HPLC, high performance liquid chromatography; MGB, modified
Gey's buffer; TCA, tricarboxylic acid cycle; TLC, thin-layer chromatog-
raphy; UDP-glucose, uridine diphosphate glucose.
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three times as for 5"Cr labeling. In experiments where glucose was omitted
from the incubation medium, cells were washed once in glucose-free
medium and incubated for 10 min at 370C before the addition of H202.
To obtain human erythrocytes, fresh human blood in acid citrate was
centrifuged at 1,000 g for 10 min, the plasma and buffy coat were re-
moved, and they were washed three times in MGB.

Glutathione depletion. P388D1 cells were depleted of glutathione by
incubation with 0.2 mM buthionine sulfoximine (BSO) (Chemalog,
Chemical Dynamics Corp., S. Plainfield, NJ) for 18 h (16). At this time,
glutathione levels were between 5 and 10% of normal. Inhibition ofglu-
tathione reductase was achieved by incubation with 75 AM (1 ,3-bis) 2-
chloroethyl-l-nitrosourea) (BCNU) (Bristol Laboratories, Syracuse, NY)
(4) for 20 min at 370C, which reduced glutathione reductase activity
by >98%.

Enzymatic determination ofGSH and GSSG. 10,000 U catalase (from
bovine liver; Sigma Chemical Co., St. Louis, MO) were added to each
sample (5 X 106 cells) at the end of the incubation period to scavenge
any extracellular H202 that could oxidize glutathione nonenzymatically.
The cells were centrifuged for 10 s in a microfuge, the supernatant re-
moved, and the cell pellet deproteinized with 200 Ml 2.5% sulfosalicylic
acid in 0.2% Triton X-100. After centrifugation, 100 Ml of supernatant
was incubated with 2 MI vinylpyridine in 10 Ml 1 M Tris base for 50 min
at room temperature (17) for the determinations of GSSG.

Total and oxidized glutathione were determined on 96-well plates
in triplicate IO-M samples after addition of 100 Ml 0.3 mM 5,5'dithiobis
(2-nitrobenzoic acid) (DTNB), 100 Ml 0.4 mM NADPH containing 0. 12
U glutathione reductase, and 100 MI phosphate/imidazole buffer, pH 7.2
(18). The difference in optical density at 414 nm measured on a Titertek
reader (Titertek multiskan, Flow Laboratories, McLean, VA) at two time
points was used for quantification. 10 Ml of 0.2% Triton X and 2.5%
sulfosalicylic acid were included in the standard curve.

Determination ofGSH, GSSG, and protein-mixed disulfides by high
performance liquid chromatography (HPLC). Cell pellets from 5 X 106
cells were suspended in 500 Ml saline and deproteinized with 50 Ml of
70% perchloric acid. 5 Mmol iodoacetic acid was added together with 5
nmol phenanthroline in ethanol and 300 Ml0.5 M KHCO3 in 2 M KOH.
After 15 min incubation at room temperature in the dark, 350 Ml of
1.5% dinitrofluorobenzene was added and incubated for 24 h in the dark.
The derivatized amino acids were separated by HPLC (Series 4 HPLC,
Perkin-Elmer Corp., Instrument Div., Norwalk, CT) on a 25-cm Spher-
isorb 3-amino propyl 5 micron column (Custom LC, Inc., Houston,
TX) (19).

In experiments in which recovery ofglutathione was measured, cells
were prelabeled with [35S~cysteine, and recovery assessed by scintillation
counting of the fractions collected after HPLC separation of GSH and
GSSG was between 85 and 90%. About 2% of the cellular glutathione
was measured as GSSG due to oxidation during sample preparation.
Glutathione moiety that was bound to protein in the acid-precipitated
protein pellet was reduced with dithiothreitol (DTT) and similarly de-
rivatized and separated on HPLC (20).

Determination ofNADPH and NADP. The cell pellets prepared as
for glutathione determination were alkaline (NADPH) and acid (NADP)
extracted, and NADP(H) was measured in 10-Ml samples by a recycling
assay containing GSSG, glucose-6-phosphate, DTNB, glutathione re-
ductase, and glucose-6-phosphate dehydrogenase (21). The validity of
the assay was checked using a luminometric assay kit forNADPH (Behr-
ing, La Jolla, CA), which measured photon emission in a scintillation
counter.

NAD(P) moiety was labeled with '4C by incubating P388DI cells in
complete RPMI 1640 with 12.5 MC '4C-carboxyl nicotinic acid (Amer-
sham Corp., Arlington Heights, IL) for 20 h at 37°C. The cells were
quickly washed three times. 2 X 107 cells were incubated in complete
medium in the presence and absence of 2.5 mM H202. After the addition
of 5,000 U catalase and centrifugation at 1,000 g for 90 s, aliquots of
the supernatant and cell pellet were used for scintillation counting. The
cell pellet was precipitated with 250 Ml of70% ethanol in 10 mM potas-
sium phosphate buffer, pH 7.0 (22), and incubated at 250C for 30 min.
The supernatant after centrifugation was applied on thin-layer chro-

matography (TLC) silica plates (HPTLC silica 60, Merck, Darmstadt,
Federal Republic of Germany). Pyridine compounds were separated in
methanol/acetonitrile/5 mM tetrabutylammonium hydroxide (Sigma
Chemical Co.), pH 5.4 (23), visualized in an ultraviolet light of 254 nm,
and quantified by scintillation counting.

Alternatively radioactive cell pellet samples from 2.5 X I07 cells were
alkaline and acid extracted as for NADP(H) determination, neutralized,
and separated on an anion exchange HPLC column (Ultrasil AX anion
exchange column, Altex Scientific, Inc., Berkeley, CA) (24). Nucleotide
(24) and nucleoside separation (25) were followed at 256 nm. The su-
pernatant was lyophilized, acid extracted, and nucleosides were separated
on a C18 reverse-phase HPLC column (DuPont Instruments, Wilming-
ton, DE) (25).

HMPS activity. HMPS activity was measured by incubating 4 X 106
P388D1 cells in 2 ml MGB that contained 5.5 mM glucose and either
0.5 MCi '4C,-glucose or 1.5 MCi '4C6-glucose (New England Nuclear, 6.4
mCi/mmol) in air-tight 75-ml flasks. To stop the reaction, 200 Ml of50%
trichloroacetic acid was injected at various time points, and the flasks
were incubated for I h. Any CO2 formed was trapped on a cotton swab
soaked in 2 M NaOH which was counted in a scintillation counter after
dark adaptation. '4CO2 formed by tricarboxylic acid cycle (TCA) activity
('4C6) was subtracted from '4CO2 formed from '4C,-glucose to give an
estimate of HMPS activity.

Determination ofH202. H202 in the extracellular medium (MGB)
was determined fluorometrically on 15-Ml aliquots ofsupernatant, using
250 Mg parahydroxyphenyl acetic acid and 80Mg horseradish peroxidase
(26), with excitation and emission wavelengths of 300 and 420 nm.

Results

Cell lysis induced by exposure to oxidant. Incubation of 51Cr
preloaded P388D1 cells (2 X 106/ml) with a bolus of H202 in a
concentration range between 0.5 and 5 mM in RPMI 1640 re-
sulted in gradual 5'Cr release over hours (Fig. 1). Replacement
of RPMI 1640 by MGB had no influence on these results. The
time course seen with a bolus of 5 mM H202 was similar to that
observed when using a dilution of glucose oxidase (4.5 mU),
which continuously produced 1.1 ,uM H202/min (data not
shown). At a cell concentration of 2 X 106/ml, the H202 dis-
appeared with a half-life of 17 min. Depletion of 90-95% of the
cellular glutathione by incubation with 0.2 mM BSO (16) for
18 h (tV/2 of depletion = 4.5 h) induced earlier 5'Cr release than
seen in cells with normal glutathione levels (Fig. 1). With high
concentrations ofH202 (> I mM), 51Cr release at later time points
(e.g., 4 h for 5 mM H202; see Fig. 1) approached similar values
for normal and GSH-depleted cells. Lower concentrations of

50 Figure 1. 5"Cr release from
P388D1 cells incubated in

40 RPMI 1640 after exposure
to H202 in a concentration

.<{ >1range between 0.5 and 5

= 30 / mM H202 in normal cells
u/ >_/ __ (GSH: 2.0±0.65 nmol

,f/' ,____ GSH/ 106 cells) ( ) and
20 -,' , BSO-treated cells (GSH:

-4 0.17±0.05 nmol GSH/ 106

10 Tim cells) (- ); mean of three
1 2 3 4 5 experiments. Concentra-

Time (hi tions of 1 and 2.5 mM
H202 showed similar results

not shown here. A, Control; ,, BSO-treated control; o, 5 mM H202; *,
5 mM H202 in BSO-treated cells; a, 0.5 mM H202; and ., 0.5 mM
H202 in BSO-treated cells.
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Figure 2. Concentration of H202 in the supernatant of 2 X 106/ml
P388D1 cells incubated with 1 or 5 mM H202. The closed circles
show normal cells, and the open circles show cells that were depleted
of 92% of their glutathione.

H202 induced a higher percentage of cell lysis in GSH-depleted
cells until the latest time point tested (7 h). The disappearance
of H202 measured fluorometrically was not influenced by BSO
treatment (Fig. 2). The difference in cell lysis induced by BSO
treatment of the cells suggested that glutathione was important
in protection of the target cells from oxidants under our exper-
imental conditions. This confirmed data obtained in various
other systems (4, 5).

Catalase in a concentration (5,000 U/ml) that completely
removed 5 mM H202 within <30 s, could rescue the cells only
if added during the first 20-30 min. If added during this period
of time, cells were completely rescued, with 5'Cr release as in
control cells. When catalase was added at 45 min, no protection
from lysis was observed.

Effect of oxidants on reduced, oxidized, and protein-bound
glutathione in the target cells. Since normal intracellular gluta-

thione levels partially protected against cell lysis, we determined
glutathione concentrations and redox state after exposure to
H202. Total glutathione levels in control cells averaged 2 nmol/
106 cells, ranging from 1 to 3 nmol in different experiments.
Addition of 2.5 mM H202 caused an immediate small increase
in GSSG, from 0.05 to 3% of total glutathione content, which
gradually increased up to 20% during the first hour (Table I). In
these cells, total glutathione levels decreased by <5% during this
period of time.

In order to determine whether the low concentration of
GSSG was due to a high rate of enzymatic reduction, cells were
incubated with H202 at 4°C. When exposed to 2.5 mM H202
at 4°C, intracellular glutathione of P388D1 cells was totally ox-
idized nonenzymatically within 10 min (Table I). Assuming that
the high rate of glutathione cycle activity in P388D1 cells can
only be achieved when NADPH is constantly replenished by a
very active HMPS (see Fig. 9 A), GSSG should not be as quickly
reduced in a cell with low HMPS activity. For this purpose,
human erythrocytes that form '-4 pmol C02/106 cells per min
(27) were chosen for comparison. With human erythrocytes,
glutathione was completely oxidized at -2 min; this was fol-
lowed by gradual rereduction (Table I), presumably by HMPS
activity, at time points when all the H202 had been consumed.
Approximately 20% ofthe total glutathione was irreversibly lost
from the cell within 1 h. All H202 in the extracellular medium
of the erythrocytes was removed within I min.

If it is true that GSSG is reduced in P388D 1 cells at a rate
that prevents its accumulation, inhibition of the HMPS should
cause an increase in GSSG. In order to evaluate this hypothesis,
P388D1 cells were exposed to H202 in the absence of glucose
as a means to inhibit the HMPS. Under these conditions,
P388DI cells behaved similarly to the erythrocytes, except that
GSSG never accounted for >70% of total glutathione moiety
(Table I). Even before the addition of oxidant, there was a change
in the GSSG/GSH ratio from approximately 1:2,000 to 1:25

Table I. Oxidation ofGlutathione After Exposure to H202*

P388DI cells

Second bolus Four degrees

Time + Glucose H202 at 20' - Glucose + Glucose RBC

mt.

Control 0.05 3.9 0.05 4.8
1 3.7 68.9 94.4
2.5 4.7 53.5 26.2 100.0
5 4.7 48.8 48.0 64.2
10 5.2 31.1 100.0 43.4
15 7.1

27.5 103.2 29.7
20 7.9 66.0 24.0 98.6 21.7
30 11.0 70.1 20.0 12.5
45 16.6 69.2 13.8 - 6.8
60 21.7 70.5 14.7 7.1

* Results are expressed as GSSG as a percentage of total acid-soluble glutathione. GSSG was determined enzymatically (mean of three experi-
ments) after exposure of(a) 2 X 106 P388DI cells±glucose at 370 or 4VC (total glutathione expressed as GSH equivalent: 2 nmol/106 cells), and
(b) 2 X 107/ml human erythrocytes (total glutathione: 0.54 nmol/106 cells) to 2.5 mM H202. In two experiments, P388DI cells in the presence of
glucose were exposed to a second bolus of 2.5 mM H202 at 20 min, as shown in the second column.
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when there was no glucose in the incubation medium. No in-
fluence in cell viability was observed until 60 min of H202 ex-
posed. A dose response measuring oxidation of glutathione in
the absence of glucose I min after exposure to H202 showed
that while -5 mM H202 is needed for maximal oxidation, a
dose of 10 uM is sufficient to oxidize 18% of the glutathione
(Fig. 5). Similar results were seen in human erythrocytes in the
presence of glucose.

Another way of assessing the dependence ofGSSG reduction
on an active HMPS was to add a second bolus of H202 at a time
after initial injury, when the HMPS is no longer functioning.
When P388DI cells treated with 2.5 mM H202 in the presence
of glucose were exposed to a second bolus of H202 at 20 min,
i.e., at a time when the pentose phosphate shunt was completely
inhibited (see Fig. 9 A), 70% of the cellular glutathione was ox-
idized immediately and could not be rereduced.

It has been described for various cell types (9, 28, 29) that
GSSG is transported out of the cell. Under our experimental
conditions, this was not the case to any large degree. In P388D1
cells exposed to 2.5 mM H202 in the absence of glucose, very
little effilux ofGSSG into the extracellular medium was measured
with <10% of the total glutathione moiety being released into
the incubation medium within 1 h (Fig. 3). On the other hand,
if GSH was oxidized with 100 ,gM diamide in the absence of
glucose to the same level as with H202, GSSG was lost from the
cell at a rate of 1% min-' during the first 30 min.

With only 1% of the total glutathione found in the extra-
cellular medium 5 min after exposure ofP388DI cells to 5 mM
H202 in the absence of glucose, we determined the disposition
of glutathione within the cells after exposure to H202. It was
found that there was a rapid, partial disappearance of total acid-
soluble glutathione (33% at 10 min); it returned during the fol-
lowing 20 min (Fig. 3). To examine whether the lost glutathione
was bound to protein, cells were prelabeled with [35S]cysteine,
90% of which was incorporated into GSH (see Methods). 5
X 106 prelabeled cells were exposed to 5 mM H202 and then
assessed for the presence of3S in the perchloric acid supernatant
and the precipitated protein. An increase of radioactivity in the
acid-precipitated protein pellet was noticed. By 10 min, 25% of
the radiolabel was found in the acid precipitate. When the acid
precipitate was resuspended in DTT containing buffer (20), an
amount of GSH (as measured by either absorbance or radio-
activity in HPLC), which was almost identical to the loss from
the supernatant after acid precipitation, could be recovered from

1.4

1.2

1.0

0.8

0.6

0.4

0.2

*~~~~~~~~~~~~~~ .-. .---...

Figure 3. Quantitation of re-

duced (n), oxidized-free (o),
and protein-bound (o) glutathi-
one after exposure of 5 X 106
P388D1 cells/ml to 5 mM
H202 in MGB in the absence
of glucose (mean of two experi-
ments). Total acid soluble glu-

-l'6 o^\___0tathione was determined enzy-
matically (o) and by HPLC (-).

4,.-.... (A) Total acid-soluble glutathi-
0 15 30 4 one in P388DI cells not ex-

Time (min) posed to H202 -

Figure 4. HPLC tracing for
GSH and GSSG. Samples were
prepared as described in Meth-
ods. Retention time for GSH
was 16.0 min, and for GSSG
17.7 min: (a) -) P388DI
cells; (b) (*) P388D1 cells
plus 5 mM H202, 1 min at

37°C, 1, 1.0 mg/ml glucose; (c)
(- - -) P388D1 cells plus 5
mM H202, 1 min at 37°C, 1 in
the absence of glucose; and (d)

16 17 18 ( ) same as (c) after reduc-
Time Imin) tion with 2 mM DTT.

the precipitated protein moieties (Fig. 4). Maximal protein di-
sulfide formation was preceded by maximal GSSG formation.
As total free glutathione levels increased again, in the period
from 15 to 30 min after exposure to H202, glutathione binding
to protein gradually disappeared.

NADPH levels after exposure to H202. Since a conversion
ofGSH to GSSG, followed by reduction to GSH, occurred rap-
idly upon exposure of cells to oxidants, experiments were un-
dertaken to determine if this affected the turnover of NADPH
and NADP. A bolus of 2.5 mM H202 induced an instantaneous
drop in NADPH levels from 55 to 22 pmol/106 cells in - 10
(Fig. 5). NADPH did not decrease further during the course of
the injury and, indeed, gradually increased over 50 min (Fig. 6
B). Levels of NADP (12 pmol/106 cells) did not increase si-
multaneously, which lead to a drop in total NADP plus NADPH
(Fig. 7). NADPH/NADPH plus NADP ratios dropped from 0.82
to 0.62 within 2 min, and gradually increased again.

To determine if the fall in NADPH was related to the oxi-
dation and reduction of glutathione, 2.5 mM H202 was added
to cells preincubated with BCNU for 10 min. As shown in Fig.
6 B, the initial loss of NADPH was prevented. Similar results
were obtained when glutathione synthesis had been inhibited
with BSO (glutathione levels depleted by 92%) (Fig. 6 B). Both
these results indicated that NADPH is used for the reduction of
GSSG by glutathione reductase. Over a longer period of time
(10-50 min), BSO or BCNU-treated cells exposed to H202
showed a continuous decrease in NADPH, to levels that were

cmco

,0 50
._:

aR

0.01 0.1

mM H20z

50

40 °

30 o
s

20

E

10

10

Figure 5. Response of glutathione and NADP(H) in P388DI cells in-
cubated in MGB 1 min after exposure to varying doses of H202. Per-
centage of GSSG and picomoles NADPH/106 P388DI cells (mean
and SD of three experiments) I min after exposure to H202 in the
presence and absence of glucose. (0) Percentage ofGSSG in the ab-

sence of glucose; (-) picomoles NADPH in the presence of glucose;
and (A) picomoles NADPH in the absence of glucose.
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Figure 6. Concentration ofNADPH in
P388D1 cells incubated in MGB in the
presence and absence of 2.5 mM H202,
which was added at 0 min, mean and SD of
three experiments. (A) (.) Control cells;
(A. AA) control cells, BSO treated
(0.12±0.03 nmol GSH/106 cells); and
(v - - --- v) control cells exposed at 75
AuM BCNU at -5 min. (B) (o) Cells exposed
to 2.5 mM H202; (a*.. a) BSO-treated
cells exposed to 2.5 mM H202; (V - - - v)
BCNU-treated cells (at -10 min) exposed
to 2.5 mM H202.

lower than those in nontreated cells at -50 min (Fig. 6 B). At
the same time there was a gradual increase in NADP, leaving
the amount of total NADP(H) moiety constant (Fig. 7). The
ratio NADPH/NADPH plus NADP was almost identical in BSO
and BCNU-treated cells. The slow oxidation of NADPH under
these conditions might have been due to residual glutathione
cycle activity.

When a small amount of H202 was produced continuously
with glucose oxidase-glucose (2 AM min-'), NADPH levels
changed very little, while NADP increased, leading to a small
increase in total NADP(H) moiety.

Since total NADP(H) moiety disappeared after exposure of
P388D1 cells to H202 in the presence of an activated HMPS,
we followed changes in the total pyridine nucleotide pool. For
this purpose, cells were labeled with '4C-nicotinic acid, and the
labeled compounds were separated by TLC or HPLC (see Meth-
ods). 85% of the intracellular '4C-nicotinic acid was recovered
as NAD(P) moiety as determined by separation of ethanol ex-

120

100

80 _

K 60

40

20-

0 10 20 30 40
Time (min)

Figure 7. Concentration ofNADPH plus NADP in P388D1 cells ex-

posed to: (o) 2.5 mM H202; (A) 2.5 mM H202 in the absence of glu-
cose; (A) BSO-treated cells (92% glutathione depleted), plus 2.5 mM
H202; and (v) cells treated with 75 ,AM BCNU 30 min before the ad-
dition of 2.5 mM H202.

tracts on TLC. The initial distribution of radiolabel was 50%
NAD, 17% NADH, 13% NADPH, and 5% NADP. In the pres-
ence of 2.5 mM H202, an increased turnover of radiolabeled
pyridine nucleotides occurred. Not only did '4C-NADPH de-
crease immediately and continuously, but `4C-NAD decreased
to an even larger degree (Fig. 8). Absolute amounts of NAD as

determined by HPLC (24) decreased from 1.35 nmol/106 cells
to 0.28 nmol/106 cells 20 min after addition of 2.5 mM H202.
Initially, radioactive NADH and NADP increased slightly. After
2 to 3 min, '4C-NADH started to drop slightly, while NADP
stayed constant. In data to be reported separately, a dose of 50

AM H202 was found to lead to maximal NAD depletion. As
noted in the Discussion, the observed fall in NAD may be of
considerable significance in the injury of cells by oxidants.

Nicotinamide or nicotinic acid did not accumulate intra-
cellularly. 5 min after exposure to H202, 30% of the radiolabel
appeared in the supernatant, and at 20 min, 76% was in the
supernatant of the cells. Pretreatment of cells with BSO did not
have any influence on the loss of '4C-pyridine moiety from

Time (min)

Figure 8. Percentage of initial radioactivity in different '4C-nicotinic
acid-labeled pyridine nucleotide moieties in 2 X 106/ml P388DI cells
incubated in RPMI 1640 plus 2.5 mM H202. (o) NAD; (A) NADH;
(v) NADPH; and (o) NADP. Mean of two experiments. In control
cells not exposed to H202, NAD dropped by 12% over 20 min; the
other compounds were not influenced.

Reduced Glutathione in Oxidant Injury 1135

z
ED

2 '1
0
a

.3
2

I

a)

Time (mini) Time (mi)



P388D1 cells exposed to H202. The radioactivity of the super-
natant, when chromatographed on a C 18 column in HPLC, co-
eluted with a known sample of nicotinamide. An equally large
loss of pyridine moiety into the supernatant occurred with as
little as 50 AM H202. Control cells lost only 12% ofthe radiolabel
during this period of time.

Influence ofH202 on HlMPS activity. The reduction ofGSSG
to GSH requires considerable amounts ofNADPH. We therefore
examined the major reductive pathway of NADP, the HMPS.
Uninjured P388D1 cells formed a large amount ofC2-- 120
pmol C02/min X 106 cells-by the HMPS (see Methods). CO2
formation from the HMPS exceeded CO2 formation in the TCA
cycle by -10-fold. After exposure to 2.5 mM H202, HMPS
activity was activated about sixfold during the first 2 min and
about threefold during the first 15 min (390 pmol C02/min
X 106 cells) (Fig. 9 A). Eventually, HMPS activity was completely
abolished, with doses of H202 of 500 ,uM and more.

To determine if the stimulation of the HMPS by exposure
of cells to H202 acted through the glutathione-NADPH cycle,
intracellular glutathione was depleted by 92% with BSO. Ex-
posure of these cells to 2.5 mM H202 produced only a slight
increase in HMPS activity, considerably less than in cells with
normal glutathione levels (Fig. 9 B). Similar results were seen
in BCNU-treated cells: before the addition of H202, no change
in pentose phosphate shunt activity was observed, while addition
ofH202 completely inhibited the formation ofCO2 in the HMPS
(Fig. 9 B).

Discussion

Biochemical events important in the lethal injury ofcells induced
by oxidants were found to take place in the initial 30 min of
exposure of the target cells to the oxidant. Removal of H202
during this period oftime completely prevented cell lysis within
a time period of 7 h. Removal of H202 at any later time point
failed to show any protective effect. We therefore have attempted
to elucidate changes occurring in the biochemistry of the target
cell durihg this early period. After exposure of cells to H202, an
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Figure 9. HMPS activity in P388D1 cells (2 X 106/ml in MGB, 5.5
mM glucose). Data were calculated as the difference between "CO2
generated from C,- vs. C6-labeled glucose. (A) (-) P388D, cells, no
H202; and (o) P388D, cells plus 2.5 mM H202 (mean and SD of four
experiments). (B) (A... A) BSO-treated cells, no H202; (A...Ae) BSO-
treated cells plus 2.5 mM H202; (v-----v) cells incubated with BCNU
for 30 min at 37°C; and (v-----v) BCNU-treated cells plus 2.5 mM
H202; data represent the mean of two experiments.

increase of oxidative turnover ofGSH and NADPH was found
to be an early event, detectable within a few seconds ofexposure
of the cells to the oxidant. They precede the fall in intracellular
ATP reported that was recently from this laboratory (25). ATP
levels decreased within a few minutes and, with 5 mM H202,
dropped to 10-20% of normal within 10 min.

For purposes of the discussion, the relationships of com-
ponents of the glutathione reduction-oxidation cycle are illus-
trated in Scheme 1. The dependence of the glutathione redox

Scheme 1 Scheme 1. GOP, glutathi-

6G6P NADP GSH one peroxidase; GR, gluta-
thione reductase; G6P, glu-

6PGIDH GR GOP cose-6-phosphate; GPG1,
glucose-6-phosphoglucon-

GPGI, NADPH %GSSG ate; G6PDH, glucose-6-
R-5-P phosphate dehydrogenase;
6-P-GI, 6-phosphogluconate; 6-PGLDH, 6-phosphogluconate dehy-
drogenase; R-5-P-, o-ribulose-5-phosphate.

cycle upon reducing equivalents produced by the pentose phos-
phate shunt (HMPS) becomes clear when one takes into account
the actual concentration of GSH, GSSG, NADP(H), and the
activity of the HMPS in P388DI cells. P388D1 cells contain
enough glutathione reduptase to reduce 3.9 nmol GSSG/106 cells
per min (1), which is fourfold their total content in GSSG equiv-
alent. Their glutathione peroxidase content is again 10-fold
higher (1). GSH (1.1 mM, expressed as GSSG equivalents) exists
in 35-fold excess over NADPH (31 ,sM). The rate-limiting factor
thus becomes the amount of NADPH that is available for glu-
tathione reduction. NADPH, which never decreased by >60%,
is replenished by the HMPS, which we found to produce 0.12
nmol C02/106 cells per min in resting P388D1 cells, and which
is increased sixfold by 2.5 min after addition of 2.5 mM H202.
This stimulation ofthe HMPS would yield 1.44 nmol NADPH/
min per 106 cells from NADP. This amount of NADPH pro-
duction would allow conversion ofGSSG to GSH at the rate of
1.5 times the total glutathione content (-1 nmol GSSG equiv-
alents/ 106 cells) of the cells per minute. We presume this to be
sufficient to maintain the glutathione in the reduced form during
the early stages of oxidant injury. The importance ofthe HMPS
in maintaining reducing equivalents for the cell was observed
when cells with diminished HMPS activity were exposed to ox-
idant: (a) In the absence of glucose, HMPS activity was greatly
inhibited, and GSSG accumulated rapidly. (b) In cells exposed
to H202 in the presence of glucose, HMPS activity was lost by
15 min after exposure of cells to H202 (Fig. 9). When a second
bolus ofH202 was given at this time, GSSG again accumulated.
(c) Exposure of P388D I cells to H202 at 4VC showed that in-
tracellular GSH could be irreversibly (and nonenzymatically)
oxidized when the HMPS was inactivated. (d) In erythrocytes,
which do not possess a highly active HMPS (27) and therefore
do not have the capacity to produce as much NADPH as the
P388D1 cells, H202 causes a rapid and complete oxidation of
glutathione.

Our studies support the concept that the oxidation of
NADPH induces activity of the HMPS. Depletion of GSH by
inhibition of its synthesis with BSO-which was developed as a
specific inhibitor ofgamma glutamylcysteine synthetase (16)-
largely reduced the activation of the HMPS when cells were
exposed to oxidants (Fig. 9). In addition, inhibition ofglutathione
reductase by BCNU (28) completely inhibited the activation of
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the HMPS. Under these conditions, the immediate conversion
of NADPH to NADP did not take place during exposure of the
cells to H202.

Upon exposure ofthe P388D I cells to H202, GSSG was not
transported to the cell exterior, as has been described for several
other cells (7, 9, 28). Incubation of P388DI cells with 100 iM
diamide leads to a 30% loss of total intracellular glutathione
recovered as GSSG extracellularly, which indicates that GSSG
can escape these cells. Since GSSG translocation is an ATP-
dependent process (9), its loss from the cells may be inhibited
because of the substantial loss of ATP sustained by these cells
in the presence of H202 (25).

From our results, as well as from earlier reports (4, 5), we
conclude that GSH partially protects cells from H202-induced
cell lysis, especially at threshold doses of H202 (500 AM) that
did not induce a substantial amount of cell lysis in cells with
normal gluathione content. Depletion of glutathione did not
interfere with the capacity of the cell to remove H202 from the
extracellular medium. Therefore, H202, though initiating the
events leading to cell lysis, does not seem to be the only oxidant
involved in cellular death. GSH may act either by protecting
cells from lipid peroxidation (30) due to secondarily formed
oxygen radicals, or by protecting protein sulfhydryls from be-
coming irreversibly oxidized after oxidant injury (31, 32). Sim-
ilarly, mixed disulfides can be formed between protein and glu-
tathione (11, 33). It has been shown for several enzyme systems
(34-38) that these mixed disulfides can alter various enzyme
functions. In contrast to intermolecular disulfides between pro-
teins, the mixed disulfides between protein and glutathione can
be cleaved by glutathione reductase as well as thiol transferases,
which reverses the impairment of the enzyme function.

An additional explanation for the protective role of intra-
cellular GSH is that it is not only protective by itself, but that
intermediates of the activated HMPS are involved in cell pro-
tection. Production of ribose-5-phosphate, which is needed for
nucleic acid synthesis, could be important for DNA repair, which
ought to be augmented after exposure to oxidant, since both
H202 and O- are known to induce DNA damage (39-42).

Total NADP(H) moiety decreased after exposure of P388D1
cells to H202 in the presence of an activated HMPS. The loss
ofNAD and NADP(H) occurred independently: the loss oftotal
NADP(H) was prevented by inhibition of the HMPS (BSO and
BCNU-treated cells), and was diminished in the absence of glu-
cose. Under these conditions, NAD levels fell at the same rate
as in normal cells that were exposed to H202 (unpublished data).
In addition, as will be published separately, inhibition ofthe fall
in NAD failed to prevent the NADP-dependent stimulation of
the HMPS. The loss of 80% of total pyridine nucleotide moiety,
as determined by radiolabel, after exposure ofP388D I cells that
were exposed to as little as 50 ,uM H202, was quite unexpected.
It could not be explained by nonspecific plasma membrane
leakiness, since no increase in permeability was noticed for other
small solutes (K+, aminoisobutyric acid, UDP-glucose) during
the first 20 min, nor was extracellular NAD taken up by these
cells. Since the lost intracellular radiolabeled pyridine nucleotide
could be quantitatively recovered in the supernatant-co-eluting
with nicotinamide in TLC and HPLC-increased catabolism of
NAD seems to be the most direct explanation. The catabolism
of NAD and NADP is regulated by poly(ADP-ribose), poly-
merase, and NAD(P) glycohydrolase (43, 44), which hydrolyze
only the oxidized molecule (NAD or NADP). It has been pro-
posed that oxidant exposure can produce a breakdown of mi-

tochondrial pyridine nucleotide to ADP-ribose and nicotin-
amide, which can pass through membranes (45, 46). This may
explain the loss of nicotinamide in the present study, and reflect
the fall in NAD levels. While no increase of free acid soluble
ADP-ribose was detected under our experimental conditions,
ADP-ribose is usually found bound to proteins and can alter
their functions (46-48). Nuclear poly(ADP-ribose) polymerase
activity has been shown to increase under various conditions
that cause DNA damage (49-51), and is associated with NAD
depletion in irradiated cells (50, 52) and in cells exposed to al-
kylating agents (53, 54) or adenosine deaminase inhibitors (51).
In work to be reported separately, we have observed that exposure
of cells to H202 induces rapid DNA-strand-breaks, increases
poly-(ADP-ribose) polymerase activity, and that inhibition of
this enzyme considerably reduces H202-induced depletion of
NAD and ATP.

While various oxidants (O-, H202, HOCl, and OH) may be
produced by activated neutrophils or macrophages, H202 itself
seems to be the agent responsible for initiating death in target
cells, either directly (1, 55) or by initiation of lipid radical for-
mation (56). Changes occurring in the H202 intracellularly are
highly controversial. Even with the high doses of H202 (1-5
mM) used in this study P388D1 cells were extremely resistant
to glutathione oxidation which was presumably due to their high
HMPS activity. Glutathione oxidation can occur, however, even
in vivo in the proximity of stimulated neutrophils. Glutathione
is lost from whole lung tissue of rabbits during the generation
of oxidants, including H202, in the development of inflammatory
injury (8). In similar studies, GSSG was also released into the
plasma (57). The fall in NAD in P388D1 cells was observed
with concentrations of H202 (50 gM and higher) that can be
easily achieved in the proximity of stimulated neutrophils. As
additional evidence that the range of H202 concentrations em-
ployed in the present study is attainable when leukocytes are
stimulated, P388D1 cells were found to lose ATP when exposed
to phorbol myristate acetate-stimulated polymorphonuclear
leukocytes (25). The loss ofATP was linked to both stimulation
of the HMPS and depletion of NAD.
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